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INTRODUCTION 


Specific  induction  of  cell  death  in  tumors  is  considered  one  of  the  most  desired  and  effective  anticancer 
therapies.  Effective  strategies  to  activate  the  apoptotic  pathway,  or  other  death  mechanisms,  are  currently  being 
intensely  pursued.  A  potent  chemotherapy  option  is  directly  arming  the  cancer  cells  with  executioner  proteins 
or  apoptotic-inducing  proteins  that  are  not  targeted  by  anti-apoptotic  maneuvers  found  in  many  tumors.  In  this 
proposal,  we  will  develop  a  new  method  to  treat  breast  cancer  by  using  a  native-protein  delivery  approach.  This 
is  a  platform  to  deliver  proteins  in  native  forms  into  cells.  The  key  design  feature  of  our  strategy  is  to  first 
encapsulate  protein  molecules  in  a  thin  layer  of  water  soluble,  positively  charged,  degradable  polymer  to  form 
nanometer-sized  nanocapsules.  The  nanocapsule  shell  facilitates  uptake  of  the  protein  content  into  cells,  and 
protects  the  protein  both  during  in  vivo  circulation  and  endocytosis.  To  endow  the  nanocapsules 
biodegradability  once  entered  the  target  cells,  the  polymer  shell  is  crosslinked  with  redox-sensitive  crosslinkers 
that  can  be  reduced  upon  encountering  the  reducing  environment  of  the  cytoplasm.  Our  overall  research 
objective  is  to  thoroughly  evaluate  this  delivery  method  as  a  potentially  new  therapeutic  modality  for  breast 
cancer  treatment.  Three  aims  will  be  pursued  in  parallel  and  results  from  each  aim  will  be  used  to  guide  the 
refinement  of  other  aims  and  the  overall  research  objective.  1)  Delivering  different  target  proteins  to  breast 
cancer  cell  lines  using  this  approach,  including  the  tumor  specific  apoptin;  2)  Equipping  the  protein 
nanocapsules  with  specific  cancer  cell  targeting  ligands;  3)  Examining  the  in  vivo  potency  and 
pharmacokinetics  of  the  nanocapsules. 

BODY 

Summary  of  State  of  Work 

Specific  Aim  1:  Delivering  different  target  proteins  to  breast  cancer  cell  lines  using  protein  nanocapsules 

Task  1.  Preparing  and  characterizing  of  Apoptin  contained  nanocapsules 
This  task  has  been  completed  and  published  in  Nano  Today,  2013,  8,  11-20. 

We  are  also  characterizing  a  new  nanocapsule  formulation  in  which  the  transcription  factor  P53  is  included. 

Task  2.  in  vitro  studying  Apoptin  contained  nanocapsules 

This  task  has  been  completed  and  published  in  Nano  Today,  2013,  8,  11-20. 

We  are  also  characterizing  a  new  nanocapsule  formulation  in  which  the  transcription  factor  P53  is  included. 

Specific  Aim  2:  Equipping  protein  nanocapsules  with  specific  cancer  cell  targeting  ligands; 

Task  3.  Preparing  and  testing  of  MMP  activatable  cell  penetrating  peptides  (ACCPsVcoupled  nanocapsules 

Task  4.  Preparing  and  testing  of  ligand-receptor  affinity  based  targeting:  Transferrin  (Tf)  and  Herceptin 
To  accomplish  this  we  are  using  a  new  conjugation  approach  and  will  be  described. 

Specific  Aim  3:  Examining  the  in  vivo  potency  and  pharmacokinetics  of  the  nanocapsules. 

Task  5.  Evaluating  in  vivo  distribution  of  protein  nanocapsules 

This  task  has  been  partially  performed  and  some  results  will  be  in  the  following  pages. 

Task  6.  Examining  the  in  vivo  pharmacokinetics  of  nanocapsules 
This  task  is  currently  under  evaluation,  no  results  to  report  at  this  point. 

Task  7.  Determine  the  in  vivo  delivery  efficacy  of  nanocapsules 

This  task  has  been  completed  and  published  in  Nano  Today,  2013,  8,  11-20. 

Additional  in  vivo  experiment  has  been  planned  in  collaboration  with  the  Institute  of  Myeloma  and  Bone 
Cancer  Research  Institute  and  will  be  performed  during  the  No  Cost  Extension  period. 
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The  work  on  apoptin  nanocapsule  described  in  the  previous  annual  report  (2011-2012)  was  recently 
published  in  Zhao  et  al,  Nano  Today,  2013,  8,  11-20.  The  Manuscript  is  included  in  the  appendix. 


1.  BACKGROUND  AND  MOTIVATION 

The  most  desirable  cancer  therapy  is  both  potent  and  specific  towards  tumor  cells.  Many  conventional 
small  molecule  chemotheraputics  do  not  discriminate  between  cancerous  and  normal  cells,  cause  undesirable 
damage  to  healthy  tissues,  and  are  therefore  unable  to  be  administered  at  high  dosage.  In  contrast,  cytoplasmic 
and  nuclear  proteins  that  selectively  alter  the  signaling  pathways  in  tumor  cells,  reactivate  apoptosis  and  restore 
tissue  homeostasis,  can  eliminate  cancerous  cells  and  delay  tumor  progression  with  less  collateral  damage  to 
other  tissues.  Using  stimuli-responsive  nanoscaled  carriers  for  the  intracellular  delivery  of  such  proteins, 
including  human  tumor  suppressors  (such  as  p53)  and  exogenous  tumor-killing  proteins  (such  as  apoptin),  is 
attractive  as  a  new  anti-cancer  therapy  modality. 

Virtually  all  human  cancer  cells,  including  breast  carcinomas,  have  elaborate  anti-apoptotic  strategies  to 
overcome  apoptosis,  which  is  a  vital  cellular  mechanism  to  obstruct  tumor  progression  (Cotter,  2009).  The 
most  commonly  mutated  gene  in  tumor  cells  is  the  tumor  suppressor  gene  TP53,  the  protein  product  of  which 
promotes  apoptosis  of  aberrant  cells  through  both  transcription-dependent  and  independent  mechanisms  (Coles 
et  al.,  1992).  In  this  manner,  p53  is  critically  important  in  eliminating  possible  neoplastic  cells  incurred  during 
DNA  damage.  p53  has  also  recently  been  shown  to  be  involved  in  restricting  the  metabolic  flux  through  the 
pentose-phosphate  pathway,  which  is  needed  for  nutrient  support  during  tumor  proliferation  (Wu  et  al.,  2011). 
About  50%  of  all  the  human  tumors  have  mutant  p53  proteins,  whereas  -30%  of  breast  cancer  cell  lines  are 
mutated  in  p53  (Lacroix  et  al.,  2006).  Breast  tumors  expressing  mutant  p53  are  more  frequently  ER-  and  PR-, 
and  are  associated  with  a  high  proliferation  rate,  high  histological  and  nuclear  grades,  aneuploidy,  and  poorer 
survival  (Lacroix  et  al.,  2006).  Mutations  of  p53  confer  a  worse  overall  and  disease-free  survival  in  breast 
cancer  cases,  an  effect  that  is  independent  of  other  risk  factors.  In  several  of  the  studies,  the  presence  of  a  p53 
mutation  was  the  single  most  adverse  prognostic  indicator  for  both  cancer  recurrence  and  death  (Lacroix  et  al., 
2006).  Many  triple  negative  breast  cancer  (TNBC)  overexpress  a  mutated  form  of  p53,  including  the  highly 
metathesizing  model  cell  line  MDA-MB-231  (R280K). 

Therefore,  restoring  p53  function  can  be  a  highly  effective  option  for  cancer  treatment.  While 
functional  copies  of  p53  can  resurrect  the  apoptotic  circuitry,  it  will  also  sensitize  the  tumor  cells  towards  other 
various  treatments  (radio-  and  chemotherapy).  Different  strategies  pursuing  this  goal  have  been  intensively 
investigated,  including  small  molecules  that  overcome  p53  mutations  and  adenovirus/p53  gene  delivery  vectors. 
In  2003,  China  approved  the  first  gene  therapy,  Gendicin,  which  uses  p53  to  treat  head  and  neck  squamous  cell 
carcinoma  (Wilson,  2005).  Similar  trials  have  been  conducted  in  the  U.S.,  but  were  discontinued  due  to  safety 
concerns  related  to  viral  gene  delivery.  Hence,  while  restoring  p53  functions  in  cancer  cells  has  been  a 
tantalizing  approach  towards  combating  cancer,  especially  for  the  aggressive  and  difficult  types  such  as  TNBC, 
the  lack  of  effective  delivery  method  has  undermined  its  potential  as  an  anti-cancer  therapeutic. 

We  propose  that  the  direct  delivery  of  functional  p53  protein  into  tumor  cells  using  novel  delivery 
vehicles  can  overcome  current  technological  barriers  and  can  be  a  treatment  option  for  breast  cancer,  including 
TNBC.  From  a  therapeutic  perspective,  protein-based  approaches  are  safer  than  gene  therapy  because  no 
random  or  permanent  genetic  changes  are  involved,  and  only  transient  actions  of  proteins  are  needed  for  the 
desired  results.  Our  labs  have  recently  developed  a  new  and  effective  method  of  delivering  proteins 
intracellularly,  including  nuclear  localized  transcription  factors  (Biswas  et  al.,  201 1;  Gu  et  al.,  2009;  Zhao  et  al., 
2011),  to  various  human  cell  lines.  We  have  demonstrated  that  the  direct  introduction  of  proapoptotic  proteins, 
such  as  the  executioner  protease  caspase  3  and  the  avian  virus-derived  selective  tumor  killer  apoptin  (Zhao  et 
al.,  2013),  can  lead  to  rapid  resurrection  of  apoptosis  in  breast  cancer  cell  lines  and  shrinkage  of  xenografted 
tumor  models.  The  goal  of  our  study  is  to  explore  direct  delivery  of  functional  p53  to  breast  cancer  cells 
and  tumors  for  reactivation  of  apoptosis  pathway.  If  successful,  this  innovative  approach  can  be  developed 
into  an  effective  treatment  option  for  breast  cancer  and  reduce  the  mortality  associated  with  this  disease. 
Furthermore,  demonstrating  the  ability  of  intracellular  protein  delivery  to  tumor  cells  can  facilitate  the 
development  of  new  tools  for  studying  tumorgenesis  and  drug  resistance,  as  well  as  expanding  current 
therapeutic  target  pool  to  many  other  tumor  suppressor  proteins  for  cancer  treatment. 
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2.  RESULTS  AND  DISCUSSION 

3.1.  Expression,  purification  and  refolding  of  recombinant  p53. 

The  plasmid  for  expression  of  the  full  length  human  p53  protein  was  purchased  from  Addgene  (Plasmid 
24859).  The  purification  and  refolding  of  p53  was  performed  as  described  in  S.  Bell  et  al.  Biophysical 
Chemistry  2002.  Briefly,  the  plasmid  was  transformed  into  Escherichia  coli  BL21(DE3)  cells  and  incubated  at 
37  °C  overnight  on  LB  agar  plate  with  100  pg/mL  ampicillin.  Colonies  were  picked  and  grown  overnight  at  37 
°C  with  shaking  (250  rpm)  in  5  mL  ampicillin-containing  LB  media,  which  were  then  inoculated  in  500  mL  of 
TB  media  with  100  pg/mL  ampicillin  and  allowed  to  grow  under  37  °C  until  the  absorbance  of  cell  density 
(OD600)  reached  0.9.  Isopropyl  /?-D- 1  -thiogalactopyranoside  (IPTG)  was  added  to  a  final  concentration  of  0.1 
mM  to  induce  protein  expression.  After  overnight  incubation  at  16  °C,  the  E.  coli  cells  were  harvested  by 
centrifugation  (3,750  rpm,  4  °C,  15  min).  Cell  pellets  were  then  resuspended  in  50  mL  lysis  buffer  (0.1  mM 
Tris-HCl,  ImM  EDTA,  pH  7)  and  lysed  by  sonication.  Inclusion  bodies  (IB)  were  harvested  by  centrifugation 
(31,000  g,  4  °C,  30  min),  followed  by  sequential  washes  remove  cell  debris  and  other  proteins  at  4  °C  (Wash  1: 
60  mM  EDTA,  6%  triton  X-100,  1.5  M  NaCl,  pH  7;  Wash  2:  0.1  M  Tris-HCl,  30  mM  EDTA,  3%  Triton  X-100, 
0.8M  NaCl,  pH  7;  Wash  3:  0.1M  Tris-HCl,  20  mM  EDTA,  pH  7).  IB  pellet  was  collected  by  centrifugation 
(31,000  g,  4  °C,  10  min)  between  wash  buffers  and  was  washed  until  a  clean  band  of  p53  can  be  seen  on  SDS- 
PAGE.  Afterwards,  the  IB  pellet  was  solubilized  in  solubilization  buffer  (100  mM  Tris-HCl,  6  M  Guanidinium 
Chloride,  50  mM  DTT,  pH  8)  at  room  temperature  for  2  hours.  After  adjusting  the  pH  to  2  using  HC1, 
centrifugation  was  used  to  separate  solubilized  p53  from  any  insoluble  material  (31,000  g,  4  °C,  30  min).  The 
concentration  of  solubilized  p53  was  determined  using  Bradford  protein  assay  and  solubilized  protein  was 
aliquoted  for  -80  °C  storage.  Renaturation  of  solubilized  p53  was  carried  out  in  renaturation  buffer  at  4  °C  (50 
mM  Sodium  Pyrophosphate,  1  M  L-arginine,  2  mM  DTT,  0.2  mM  Zinc  Chloride,  pH  8).  Solubilized  p53 
protein  was  diluted  in  renaturation  buffer  using  step-wise  addition  with  90  min  interval,  yielding  final  protein 
concentration  about  1  mg/mL.  The  entire  renaturation  volume  was  then  dialyzed  against  dialysis  buffer  at  4  °C 
(50  mM  Sodium  Pyrophosphate,  2  mM  DTT,  pH  8),  followed  by  centrifugation  to  remove  any  precipitates 
(31,000  g,  4  °C,  1  hour).  The  clear  protein  solution  was  concentrated  and  buffer  exchanged  into  buffer 
containing  100  mM  NaCl  and  10  mM  Sodium  Pyrophosphate,  pH  7.5.  The  final  protein  concentration  was 
qualitatively  assessed  by  SDS-PAGE  and  quantitatively  determined  by  the  Bradford  protein  assay.  SDS-PAGE 
for  washed  pellet  and  p53  protein  collected  after  final  buffer  exchange  are  shown  in  Figure  1  below.  The 
secondary  structure  of  p53  was  confirmed  by  circular  dichorism. 

1  2  3 


Figure  1 .  SDS-PAGE  for  p53  purification.  Lane  1  proteins  removed  by  wash  buffer;  Lane  2  clean  IB  pellet  in  8  M  urea; 
Lane  3  refolded  and  dialyzed  p53  protein. 

3.2.  Synthesis  of  nanocapsules  using  p53. 

A  scheme  for  the  reversible  encapsulation  of  p53  forming  redox-responsible  nanocapsule  (S-S  p53  NC) 
is  shown  below.  Monomers  acrylamide  (AAm)  1  and  N-(3- am i n opropy  1  )meth aery  1  am i de  2  (APMAAm),  and 
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the  cross-linker  V,V’-bis(acryloyl)cystamine,  at  a  molar  ratio  of  1.5:1:0.14,  were  first  deposited  onto  p53  (0.7 
mg)  in  carbonate  buffer  (5  mM,  pH  9.0)  through  electrostatic  forces.  Then  in  situ  polymerization  was  initiated 
with  the  addition  of  free  radical  initiators  and  preceded  for  one  hour  at  4  °C.  The  protein  to  monomer  ratio  was 
optimized  to  minimize  protein  precipitation  during  reaction,  as  well  as  to  maximize  the  solution  stability  of  the 
nanocapsule  formed.  Excess  monomers  and  cross-linkers  were  removed  using  ultrafiltration  and  the  S-S  p53 
NC  was  stored  in  PBS  buffer  (pH  7.4).  Dynamic  light  scattering  (DLS)  measurement  showed  a  shift  in  average 
diameter  of  the  sample  from  -23.44  ±  2.84  nm  (native  p53)  to  ~35.05±  1.43  nm  (S-S  p53  NC)  with  a  positive  £- 
potential  value  of  3.3±0.32  mV.  The  detailed  size  distribution  of  native  p53  protein  and  S-S  p53  NC  formed  as 
determined  in  DLS  is  shown  in  Figure  2b.  TEM  image  of  S-S  p53  NC  in  Figure  2c  revealed  the  particle  sizes 
were  -  30  nm,  consistent  with  the  sample  size  increase  seen  in  DLS.  These  data  showed  that  the  p53  protein  can 
be  encapsulated  using  acrylamide-based  monomers  through  free-radical  polymerization. 

We  then  monitored  the  release  of  p53  from  such  nanocapsules  using  ELISA  assay.  S-S  p53  NC  was  first 
diluted  into  2  pg/mL  and  was  then  incubated  with  2  mM  DTT  for  30  minutes,  60  minutes  and  90  minutes.  For 
each  time  point,  2.5  pL  (5  ng  p53  protein/p53  NC  mixture)  of  the  incubation  solution  was  used  in  ELISA  assay. 
The  incubation  length  was  optimized  to  minimize  loss  of  released  p53  under  elevated  temperature.  Using  a  p53 
standard  curve  constructed  with  native  p53  protein,  the  amount  of  p53  released  from  nanocapsules  was 
calculated  and  plotted.  Over  90  minutes  of  assay  period,  readings  from  DTT  treated  S-S  p53  NC  increased 
steadily  to  about  ~1  ng,  while  control  non-degradable  p53  NC  samples  had  low  signals,  matching  signal  levels 
of  S-S  p53  NC  0  minute,  with  very  little  fluctuation  regardless  of  DTT.  These  results  indicate  that  p53  is  well- 
encapsulated  inside  the  polymer  shell  and  inaccessible  to  p53  antibody.  The  release  of  the  p53  protein  is  indeed 
triggered  by  the  presence  of  reducing  agent  and  associated  with  the  degradation  of  disulfide  bond. 


0  20  40  eo  SO  100 

Diameter  (nm) 


Figure  2.  S-S  p53  NC  scheme  and  characterization,  a)  A  scheme  for  nanocapsule  and  its  monomers  and  crosslinker 
chemical  structures;  b)  size  distribution  of  native  p53  protein  and  S-S  p53  NC  formed  as  determined  in  DLS;  c)  TEM 
image  of  S-S  p53  NC.  The  scale  bar  represents  100  nm;  d)  ELISA  assay  for  p53  release  under  reducing  condition. 
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3.3.  Cellular  uptake  and  localization  of  nanocapsules. 

To  study  the  cellular  update  and  protein  nanocapsule  localization,  breast  cancer  cell  line  SK-BR-3  was 
incubated  with  S-S  p53  NC.  Using  recombinant  p53  conjugated  to  rhodamine  dye,  encapsulation  was  performed 
forming  fluorescent  S-S  p53  NC.  When  added  to  SK-BR-3,  red  florescence  can  be  seen  in  cells  within  2  hours 
of  incubation  period,  suggesting  efficient  cell  internalization  (data  not  shown).  If  internalized  S-S  p53  NC  does 
protect  protein  until  polymer  shell  degradation  in  the  reducing  cytosol;  and  encapsulation  does  not  interfere 
with  p53  functions,  delivered  p53  should  be  able  to  enter  the  nuclei  of  SK-BR-3  cells  as  a  transcription  factor. 
To  detect  whether  p53  accumulates  in  the  nuclei,  SK-BR-3  was  treated  with  S-S  or  ND  p53  NC  at  a 
concentration  of  100  ng/pL  and  the  nuclear  fraction  of  the  cell  at  different  time  points  were  extracted  for  ELISA 
assay  (Figure  3a).  S-S  p53  NC  treated  samples  showed  a  clear  accumulation  of  p53  at  time  points  tested.  Higher 
amount  of  p53  can  be  detected  in  S-S  samples  comparing  to  ND  samples,  though  had  ~2  ng  nuclei  p53  detected 
at  three  later  time  points,  showed  no  increase  of  amount  with  increased  incubation  time.  When  treated  with  S-S 
p53  NC  for  various  concentrations,  both  the  cytoplasmic  and  nuclear  fractions  of  SK-BR-3  cells  were  collected 
after  1  hour  for  determining  distribution  of  internalized  protein.  With  higher  S-S  p53  NC  concentrations,  much 
higher  amount  of  p53  can  be  detected  in  the  cytoplasmic  fraction.  More  p53  in  nucleus  fraction  can  also  be 
detected  as  concentration  increases,  but  not  as  dramatic  as  cytoplamic  fractions  possible  due  to  slower  nuclear 
transport  than  cellular  internalization.  The  nucleus  accumulation  of  p53  delivered  in  S-S  NC  can  also  be 
visualized  by  taking  confocal  images  of  MDA-MB-23 1  cells  incubated  with  rhodamine-conjugated  p53  NC, 
shown  in  Figures  3c  and  3d.  Together,  the  results  indicated  that  p53  NC  can  be  efficiently  internalized  into 
cells,  where  the  polymer  shell  degrades  to  release  p53  cargo.  Released  p53  protein  was  able  to  locate  in  the 
nuclei  of  cells  in  a  concentration-  and  time-dependent  manner. 
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Figure  3.  Cellular  uptake  of  nanocapsule  and  localization  of  released  protein,  a)  ELISA  of  nuclear  fraction  of  SK-BR-3 
cells  treated  with  100ng/pL  S-S  and  ND  p53  NC  for  0,  1,2,  and  4  hours;  b)  ELISA  of  cytoplasmic  and  nuclear  fraction  of 
SK-BR-3  cells  treated  with  S-S  p53  NC  1  hours;  c)  Confocal  image  of  MDA-MB-23 1  with  ND  p53  NC;  d)  Confocal 
image  of  MDA-MB-23 1  with  S-S  p53  NC.  The  scale  bar  represents  20  pm.  Nuclei  is  stained  with  DAPI. 
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We  next  tested  cytotoxicity  of  the  p53  delivered  by  using  three  different  cancer  cell  lines,  MDA-MB- 
231,  SK-BR-3,  and  BT-474.  S-S  p53  NC  reduced  viable  cell  percentage  dramatically  with  IC50  values  ~  200 
nM.  ND  p53  NC  and  native  p53  protein  were  included  as  negative  controls,  which  did  not  affect  any  of 
viability  on  the  cell  lines  tested  as  expected  (Figure  4a-c). 
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Figure  4.  Cytotoxicity  of  wild-type  and  pro-apoptotic  mutant  p53  delivered  by  S-S  NC  . 


Some  of  the  p53  mutants  have  a  higher  apoptotic  activity  than  WT  p53.  Also  improvements  can  be  made 
to  stabilize  p53  by  engineering  out  the  Mdm2  binding  site  or  alterations  to  favor  the  induction  of  apoptotic 
genes.  One  example  of  these  gain-of- function  mutants  is  S121F  and  there  are  at  least  another  17  mutants 
expressing  higher  apoptotic  activity,  with  an  increased  affinity  for  some  p53-binding  sites.  The  apoptotic 
function  requires  transcription  activation  by  p53.  The  S121F  mutant  has  altered  sequence  specificity  and 
selectively  fails  to  activate  MDM2  transcription,  which  decreases  MDM2  feedback  control  and  increases  or 
unbalance  the  expression  of  apoptotic  target  genes.  In  the  same  study,  it  was  also  shown  that  the  mutant  S121F 
failed  to  kill  wild-type  mouse  embryo  fibroblasts.  To  test  the  delivery  and  potential  tumor-cell  selectivity  of  the 
“super-p53”,  we  introduced  the  mutation  S121F  using  site-directed  mutagenesis  and  express  the  mutant  p53 
S121F  in  E.  coli.  The  mutant  was  similarly  encapsulated  by  the  interfacial  polymerization  approach  and 
administered  to  different  cells  line  to  measure  the  cytotoxicity.  Wild  type  p53  NC  were  used  side  by  side  for 
comparison  purpose  (Figures  4d  and  4e).  We  used  the  breast  cancer  cell  lines  MDA-MB-231  (TNBC)  and 
MCF7,  together  with  noncancerous  cell  line,  human  foreskin  fibroblast  (HFF).  MTS  assays  will  be  performed  to 
compare  the  effect  of  WT  p53  NCs  vs.  the  super  p53  mutant  S121F  NCs  toward  these  cell  lines.  As  can  be  seen 
in  Figure  4d,  the  wild  type  p53  induced  apoptosis  in  all  three  cell  lines  with  equal  potency,  while  the  super  p53 
NC  not  only  induced  apoptosis  in  cancer  cells  at  lower  concentration,  but  also  left  higher  amount  of  HFF  cells 
unaffected.  Therefore,  our  approach  was  able  to  capture  the  improved  properties  of  the  S 12  IF  mutant,  and  this 
mutant  NC  formulation  will  be  used  in  the  upcoming  animal  experiments. 


3.4.  Develop  new  crosslinking  chemistry. 

A  critical  and  often  essential  feature  of  effective  chemotherapy  is  tumor  specificity.  Even  though 
passive  accumulation  through  the  “leaky  vasculature”  of  the  tumor  does  occur,  it  is  much  more  desirable  to 
achieve  direct  targeting  of  the  breast  cancer  tumors.  Outfitting  the  anticancer  agent  with  targeting  ligands  will 
not  only  decrease  the  toxicity  to  healthy  tissues,  but  also  result  in  higher  local  concentration  of  the  agent  near 
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the  tumor  site,  resulting  in  maximum  dosage  to  the  tumor.  Therefore,  an  important  objective  of  this  proposal  is 
to  decorate  the  surface  of  the  protein  nanocapsules  with  ligands  that  can  confer  breast  cancer  selectivity. 

The  surface  of  the  nanocapsule  can  be  easily  modified  with  mild  chemistry,  thereby  allowing  the 
conjugation  of  different  moieties  without  compromising  the  integrity  of  the  nanocapsule  and  the  cargo  inside. 
Furthermore  the  monomer  can  be  itself  functionalized  to  allow  post-encapsulation  modification.  We  have 
recently  demonstrated  this  is  feasible  as  shown  in  Figure  5.  To  do  so,  we  replaced  the  positively  charged 
monomer  2  with  an  azide  containing  AzPEG-AAm  monomer.  Upon  polymerization  the  net  surface  charge  is 
neutral,  thereby  making  the  nanocapsules  unable  to  penetrate  cell  membrane  passively.  However,  the 
incorporated  azide  group  allows  conjugation  to  alkyne  containing  ligand  using  “Click”  chemistry  (Lallana  et  al., 
2012).  The  ligand  itself  can  be  prepared  by  conjugation  to  the  cyclooctyne  DBCO-PEG4-NHS  ester  under 
aqueous  conditions.  Following  “clicking”  the  ligand  onto  the  surface  of  the  nanocapsule,  the  nanocapsule  is  can 
now  be  internalized  into  target  cells  through  receptor  mediated  endocytosis  specific  for  the  attached  ligand.  To 
demonstrate  this  is  possible,  we  conjugated  the  luteinizing  hormone  releasing  hormone  (LHRH)  peptide  to  GFP 
nanocapsules  (Zhang  and  Xu,  2011).  As  shown  in  Figure  4,  GFP  fluorescence  can  only  be  detected  in  cell  lines 
that  overexpress  LRHR  receptor,  such  as  MB-MDA-231,  but  not  in  those  that  do  not  express  the  receptor,  such 
as  SK-OV3  (See  Figure  5  Legend).  This  illustrates  the  conjugation  and  targeting  steps  are  all  effective. 


AAm  AzPEG-AAtn 


N,  Af-Bi  s  ( a  cry  loy  I  }cy  sta  mine 


Targeting  Ligand 


5  o 


DBCO-PEG4-IMHS  Ester 


Figure  5.  (Top)  Strategy  to  couple  targeting  ligands  to  the  surface  of  NCs  using  click  chemistry;  (Bottom)  comparing  the 
internalization  efficiency  of  cells  towards  LHRH-coupled  eGFP  NCs.  Strongest  internalization  is  observed  in  HeLa, 
MDA-MB-231  and  SK-BR3  cells  line  that  overexpress  the  LHRH  receptor.  If  LHRH  peptide  is  not  conjugated  to  the 
surface  of  the  NCs,  no  internalization  is  observed.  Similarly,  no  internalization  was  detected  in  SK-OV3  cell  line,  which 
does  not  overexpress  the  LHRH  receptor.  In  (h),  although  the  overall  internalization  efficiency  is  lower  for  LHRH  tagged 

NC  compared  to  positively  charged  NCs,  the  selectivity  is  desirable. 
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Next,  to  test  the  selectivity  of  the  LHRH  tagged  S121F  p53  towards  only  the  breast  cancer  cell  lines  that 
overexpress  the  surface  receptor,  we  measured  the  relative  toxicity  of  the  particles  in  the  presence  of  three  cell 
lines  (MDA-MB-231,  which  overexpressed  LHRH  receptor;  SK-OV3,  an  ovarian  cancer  cell  line  that  does  not 
express  the  LHRH  peptide;  and  HFF,  a  noncancerous  cell  line  that  does  not  overexpress  the  receptor).  As  can 
be  seen  in  Figure  6,  the  LHRH  tagged  S121F  p53  only  killed  the  TNBC  cell  line  that  overexpresses  LHRH 
receptor.  In  sharp  contrast,  other  two  cells  lines  remain  largely  unaffected.  The  cytotoxicity  towards  MDA- 
MB-23 1  is  also  solely  from  the  p53  cargo,  as  using  a  LHRH-tagged  eGFP  NC  did  not  lead  to  cell  death. 


LHRH  S-S  SI 21 F  Concentration  <nM)  LHRH  S-S  GFP  NC  Concentration  (nM) 

Figure  6.  Tumor  cell  line  selectivity  of  the  LHRH  tagged  p53  S 12  IF  NCs. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  We  synthesized  polymer  nanocapsules  for  delivery  of  the  cellular  guardian  transcription  factor  p53 


•  The  nanocapsule  can  be  internalized  by  different  tumor  cells  and  the  protein  cargo  is  released 
intracellularly  in  response  to  the  reducing  environment  of  the  cytoplasm. 


•  A  new  conjugation  method  of  a  targeting  peptide  to  the  surface  of  nanocapsules  is  developed. 


REPORTABLE  OUTCOMES 
Publications: 

Zhao,  M.,  Hu,  B.,  Gu,  Z.,  Joo,  K.,  Wang,  P.,  Tang,  Y.  “Degradable  Polymeric  Nanocapsule  for  Efficient 
Intracellular  Delivery  of  a  High  Molecular  Weight  Tumor-Selective  Protein  Complex.”  Nano  Today.  2013,  8, 
11-20 

Presentations  in  this  period: 

The  PI  Tang  has  made  the  following  presentations  in  which  this  material  has  been  included. 

Department  of  Bioengineering,  Rice  University,  January  2013 

Society  of  Biological  Engineering  4th  International  Conference  on  Biomolecular  Engineering,  Invited 
Speaker,  Ft.  Lauderdale,  Florida,  January  2013 

The  following  presentation  was  made  by  Muxun  Zhao,  the  graduate  student  involved  in  this  project. 
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American  Institute  of  Chemical  Engineers  Annual  Meeting,  Pittsburgh,  Oral  Presentation: 
RedoxResponsive  Polymeric  Nanocapsules  for  Protein  Delivery.  November  2012 

Society  of  Biomaterials  Annual  Meeting,  Boston,  Poster  presentation:  Redox-Responsive  Polymeric 
Nanocapsules  for  Protein  Delivery.  April  2013 

CONCLUSION 

During  this  period  we  demonstrated  that  p53  (and  the  super  p53)  is  an  attractive  antitumor  protein 
targeting  breast  cancer  cell  lines.  We  also  introduced  a  new  polymerization  technique  that  allows  selective 
modification  of  the  NC  with  targeting  ligands  through  the  bioorthogonal  click  chemistry.  With  these  two 
accomplishments,  we  are  now  moving  towards  animal  experiments  using  S121  NCs  outfitted  with  LHRH 
ligands.  We  envision  a  intravenous  administered  NC  will  be  able  to  control  and  eliminate  tumor  growth. 
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Summary  The  development  of  stimuli-responsive,  nano-scale  therapeutics  that  selectively 
target  and  attack  tumors  is  a  major  research  focus  in  cancer  nanotechnology.  A  potent  thera¬ 
peutic  option  is  to  directly  arming  the  cancer  cells  with  apoptotic-inducing  proteins  that  are 
not  affected  by  tumoral  anti-apoptotic  maneuvers.  The  avian  virus-derived  apoptin  forms  a 
high-molecular  weight  protein  complex  that  selectively  accumulates  in  the  nucleus  of  cancer 
cell  to  induce  apoptotic  cell  death.  To  achieve  the  efficient  intracellular  delivery  of  this  tumor- 
selective  protein  in  functional  form,  we  synthesized  degradable,  sub-100  nm,  core-shell  protein 
nanocapsules  containing  the  2.4 MDa  apoptin  complexes.  Recombinant  apoptin  is  reversibly 
encapsulated  in  a  positively  charged,  water  soluble  polymer  shell  and  is  released  in  native 
form  in  response  to  reducing  conditions  such  as  the  cytoplasm.  As  characterized  by  confo- 
cal  microscopy,  the  nanocapsules  are  efficiently  internalized  by  mammalian  cells  lines,  with 
accumulation  of  rhodamine-labeled  apoptin  in  the  nuclei  of  cancer  cells  only.  Intracellularly 
released  apoptin  induced  tumor-specific  apoptosis  in  several  cancer  cell  lines  and  inhibited 
tumor  growth  in  vivo,  demonstrating  the  potential  of  this  polymer-protein  combination  as  an 
anticancer  therapeutic. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


Abbreviations:  NC,  nanocapsule;  APO,  apoptin;  S— S,  disulfide  bonded;  AAm,  acrylamide;  APMAAm,  N-(3-aminopropyl)methacrylamide; 
MBP,  maltose  binding  protein;  Rho,  rhodamine;  ND,  nondegradable;  HFF,  human  foreskin  fibroblast. 
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Introduction 

The  most  desirable  anticancer  therapy  is  both  potent  and 
specific  toward  tumor  cells  [1,2].  Many  conventional  small 
molecule  chemotherapeutics  do  not  discriminate  between 
cancerous  and  normal  cells,  cause  damage  to  healthy  tis¬ 
sues,  and  are  therefore  unable  to  be  administered  at  high 
dosage.  In  contrast,  cytoplasmic  and  nuclear  proteins  that 
selectively  alter  the  signaling  pathways  in  tumor  cells, 
reactivate  apoptosis  and  restore  tissue  homeostasis,  can 
delay  tumor  progression  with  less  collateral  damage  to  other 
tissues  [3-6].  Using  stimuli-responsive  nanocarriers  for  the 
intracellular  delivery  of  such  proteins,  including  human 
tumor  suppressors  [7]  and  exogenous  tumor-killing  proteins 
[8-10]),  is  attractive  as  a  new  anti-cancer  therapy  modal¬ 
ity. 

Apoptin  is  a  121 -residue  protein  derived  from  chicken 
anemia  virus  [9].  When  transgenically  expressed,  apoptin 
can  induce  p53-independent  apoptosis  in  a  variety  of  tumor 
and  transformed  cells  [11,12],  while  leaving  normal  and 
untransformed  cells  unaffected  [13].  Apoptin  exists  as  a 
globular  multimeric  complex,  composed  of  thirty  to  forty 
subunits,  with  no  well-defined  secondary  structure  [14]. 
While  the  exact  mechanism  of  the  tumor  selectivity  is  unre¬ 
solved,  apoptin  is  known  to  translocate  to  the  nucleus 
where  tumor-specific  phosphorylation  at  residue  Thr108 
takes  place,  leading  to  accumulation  of  apoptin  in  nucleus 
and  activation  of  the  apoptotic  cascade  in  tumor  cell  [15]. 
In  normal  cells,  apoptin  is  not  phosphorylated  at  Thr108 
and  is  located  mostly  in  the  cytoplasm,  where  it  aggre¬ 
gates  and  undergoes  degradation  [16].  Because  of  the  high 
potency  in  inducing  this  exquisite  tumor-selective  apopto¬ 
sis,  apoptin  has  been  investigated  widely  as  an  anti-tumor 
therapeutic  option  [9].  Different  gene  therapy  approaches 
have  been  used  to  administer  apoptin  to  mouse  xenograft 
tumor  models,  in  which  significant  reduction  in  tumor 
sizes  and  prolonged  lifespan  of  mice  have  been  observed 
without  compromising  the  overall  health  [17-19].  How¬ 
ever,  as  with  other  gain-of-function  therapy  candidates, 
in  vivo  gene  delivery  approaches  using  viral  vectors  may 
lead  to  unwanted  genetic  modifications  and  elicit  safety 
concerns  [20].  While  protein  transduction  domain  (PTD)- 
fused  apoptin  has  been  delivered  to  cells  [21,22],  this 
approach  suffers  from  inefficient  release  of  the  cargo  from 
endosomes  and  instability  of  the  unprotected  protein  [23]. 
Development  of  nanoparticle  carriers  to  aid  the  functional 
delivery  of  apoptin  to  tumor  cells  is  therefore  desirable 
[24]. 

We  chose  to  work  with  recombinant  maltose-binding- 
protein  fused  apoptin  (MBP-APO)  that  can  be  solubly 
expressed  from  Escherichia  co/z,  whereas  native  apoptin 
forms  inclusion  bodies  [14].  MBP— APO  has  been  shown  to 
similarly  assemble  into  a  multimeric  protein  complex,  which 
exhibits  the  essential  functions  and  selectivity  of  native 
apoptin  [14].  Nanoparticle-mediated  delivery  of  functional 
MBP-APO  poses  unique  challenges  [25].  First,  MBP-APO 
preassembles  into  large  complex  with  an  average  diam¬ 
eter  of  ~40nm  and  molecular  weight  of  ~2.4MDa  [14]. 
To  achieve  nanocarrier  sizes  that  are  optimal  for  in  vivo 
administration  (~100nm)  [26],  a  loading  strategy  that  forms 
compact  particles  is  desirable.  Second,  in  order  to  maintain 
the  multimeric  state  of  functional  MBP-APO,  the  protein 


loading  and  releasing  steps  need  to  take  place  under  very 
mild,  physiological  conditions  in  the  absence  of  surfac¬ 
tants.  Lastly,  the  nanocarrier  must  completely  disassemble 
inside  the  cell  to  release  the  MBP-APO  in  its  native  and 
unobstructed  form  to  ensure  the  correct  spatial  presenta¬ 
tion  of  key  residues  within  the  apoptin  portion,  including 
the  nuclear  localization/export  signals,  the  phosphorylation 
site  and  other  elements  important  for  downstream  signal¬ 
ing. 

In  the  current  study,  we  selected  a  polymeric  nanocap¬ 
sule  (NC)  strategy  for  the  functional  delivery  of  MBP-APO, 
in  which  the  protein  complex  is  noncovalently  protected 
in  a  water  soluble  polymer  shell  (Fig.  1).  This  slightly 
positively  charged  shell  shields  the  MBP-APO  from  serum 
proteases  and  surrounding  environment,  while  enabling 
cellular  uptake  of  the  polymer-protein  complex  through 
endocytosis  [27].  The  polymeric  layer  is  weaved  together 
by  redox- responsive  cross-linkers  containing  disulfide  bond 
(S-S)  that  can  be  degraded  once  the  NCs  are  exposed 
to  the  reducing  environment  in  cytoplasm  [28].  No  cova¬ 
lent  bonds  are  formed  between  the  protein  cargo  and 
the  polymer  shell,  which  ensures  complete  disassembly 
of  the  capsule  layer  and  release  of  native  MBP-APO 
inside  the  cell.  Using  this  approach,  we  show  that 
MBP-APO  can  be  efficiently  delivered  to  induce  apo¬ 
ptosis  in  cancer  cell  lines  selectively  both  in  vitro  and 
in  vivo. 

Materials  and  methods 
Materials 

N-(3-aminopropyl)methacrylamide  hydrochloride  was  pur¬ 
chased  from  Polymer  Science,  Inc.  CellTiter  96®  AQueous 
One  Solution  Cell  Proliferation  Assay  (MTS)  reagent 
was  purchased  from  Promega  Corporation.  APO-BrdU™ 
TUNEL  Assay  Kit  was  purchased  from  Invitrogen.  In  Situ 
Cell  Death  Detection  Kit,  POD;  was  purchased  from 
Roche  Applied  Science.  Female  athymic  nude  ( nu/nu ) 
mice,  6  weeks  of  age,  were  purchased  from  Charles 
River  Laboratories  (Wilmington,  M A).  All  other  chemi¬ 
cals  were  purchased  from  Sigma-Aldrich  and  used  as 
received. 

Protein  nanocapsule  preparation 

The  concentration  of  protein  was  diluted  to  1  mg/mL 
with  5mM  sodium  bicarbonate  buffer  at  pH  9.  Then 
200  mg/mL  acrylamide  (AAm)  monomer  was  added  to 
1  mL  of  protein  solution  with  stirring  at  4°C.  After  10  min, 
the  second  monomer,  N-(3-aminopropyl)methacrylamide 
(APMAAm),  was  added  while  stirring.  Different  cross¬ 
linkers,  N,N'-methylene  bisacrylamide  for  ND  NC  and 
N^-bisfacryloyOcystamine  for  S-S  NC,  were  added 
5  min  after  the  addition  of  APMAAm.  The  polymer¬ 
ization  reaction  was  immediately  initiated  by  adding 
30  |jlL  of  ammonium  persulfate  (100  mg/mL,  dissolved 
in  deoxygenated  and  deionized  water)  and  3  |jlL  of 
N^N^N'-tetramethylethylenediamine.  The  polymeriza¬ 
tion  reaction  was  allowed  to  proceed  for  60  min.  The 
molar  ratios  of  AAm /APMAAm /cross -linker  used  were 
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Figure  1  Degradable  nanocapsules  for  apoptin  delivery,  (a  and  b)  Schematic  diagram  of  synthesis  of  degradable  apoptin  nanocap¬ 
sules  (S— S  APO  NC)  and  delivery  into  tumor  cells  to  induce  apoptosis;  TEM  images  of  (c)  native  MBP-APO;  (d)  enlarged  image  of 
MBP-APO;  (e)  S— S  APO  NC;  and  (f)  degraded  S-S  APO  NC  after  treatment  with  2  mM  GSH  for  6  h  at  37 °C. 
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1.5:1:0.14,  2:1:0.14,  4:1:0.14,  and  8:1:0.14.  Buffer 

exchange  with  phosphate-buffered  saline  (PBS)  buffer 
(pH  7.4)  was  used  to  remove  the  remaining  monomers 
and  initiators.  Rhodamine-labeled  APO  NCs  was  obtained 
through  encapsulation  of  MBP-APO  modified  with  5- 
carboxy-X-rhodamine  N-succinimidyl  ester  (mass  ratio 
(MBP-APO:  rhodamine)  =  4:1). 

Characterization  of  protein  nanocapsules 

The  mean  hydrodynamic  size  and  ^-potential  of 
NC  were  determined  by  dynamic  light  scattering 
(DLS)  in  PBS  buffer.  Samples  of  NCs  (0.05mg/mL) 
for  TEM  imaging  were  negatively  stained  with  2% 
uranyl  acetate  in  alcoholic  solution  (50%  ethanol). 
The  lamella  of  stained  sample  was  prepared  on 
carbon-coated  electron  microscopy  grids  (Ted  Pella, 
Inc.). 

Cellular  uptake  and  localization  of  nanocapsules 

MDA-MB-231,  HeLa,  MCF-7,  and  human  foreskin  fibroblast 
(HFF)  cells  (ATCC,  Manassas,  VA)  were  cultured  in  Dulbecco’s 
modified  Eagle’s  media  (DMEM)  (Invitrogen)  supplemented 
with  10%  bovine  growth  serum  (Hyclone,  Logan,  UT),  1 .5  g/L 
sodium  bicarbonate,  1 00  |jig/mL  streptomycin  and  lOOU/mL 
penicillin,  at  37°C  with  98%  humidity  and  5%  C02.  To 
visualize  NCs  uptake,  MDA-MB-231  cells  were  seeded  into  48- 
well  plate,  with  a  density  of  10,000  cells/well  in  250  |jlL  of 
media  with  supplements.  S— S  Rho-APO  NC  and  ND  Rho-APO 
NC  were  added  to  a  final  concentration  of  20  nM.  After 
1h  and  24  h  of  incubation,  cells  were  washed  with  PBS 
twice,  stained  with  DAPI  Nucleic  Acid  Stain  and  imaged. 
For  internalization  of  S— S  Rho-APO  NC  with  different  £- 
potentials,  MDA-MB-231  cells  were  incubated  with  20  nM 
NCs  for  2h  before  nuclei  staining.  Markers  for  early  and 
late  endosomes  were  used  for  internalization  trafficking 
study.  A  concentration  of  20  nM  S— S  Rho-APO  NCs  was 
added  to  HeLa  cells  and  incubated  for  30  min,  60  min  and 
1 20  min  under  37  °C.  Cells  were  then  fixed  with  4%  formalde¬ 
hyde,  permeabilized  with  0.1%  Triton  X-100,  and  stained 
with  antibodies,  mouse  anti-EEAl  antibody  against  early 
endosomes  and  rabbit  anti-CI-MPR  antibody  against  late 
endosomes  (Cell  Signaling  Technology,  Inc.).  Texas  red  goat 
anti-mouse  IgG  and  Alexa  Fluor®  647  goat  anti-rabbit  IgG 
(Invitrogen)  were  added  as  the  secondary  antibody.  To 
determine  the  cellular  localization  of  the  protein  deliv¬ 
ered,  confocal  images  were  taken  with  HeLa,  MCF-7,  and 
HFF  cells  incubated  with  20  nM  of  S— S  Rho-APO  NC  or  ND 
Rho-APO  NC  at  37 °C  for  24 h.  Nuclei  were  then  coun- 
terstained  with  DAPI.  The  Z-stack  images  of  cells  were 
imaged  at  0.4-|jim  intervals  and  analyzed  by  Nikon  NIS 
Element  software.  Fluorescent  microscopy  images  were 
acquired  on  a  Yokogawa  spinning-disk  confocal  scanner 
system  (Solamere  Technology  Group,  Salt  Lake  City,  UT) 
using  a  Nikon  eclipse  Ti-E  microscope  equipped  with  a 
60x/1 .49  Apo  TIRF  oil  objective  and  a  Cascade  II:  512 
EMCCD  camera  (Photometries,  Tucson,  AZ,  USA).  An  AOTF 
(acousto-optical  tunable  filter)  controlled  laser-merge  sys¬ 
tem  (Solamere  Technology  Group  Inc.)  was  used  to  provide 
illumination  power  at  each  of  the  following  laser  lines: 


491  nm,  561  nm,  and  640  nm  solid  state  lasers  (50  mW  for 
each  laser). 

Cytotoxicity  assays 

Different  cancer  cells  lines,  HeLa,  MCF-7  and  MDA-MB-231, 
as  well  as  noncancerous  HFF,  were  seeded  into  96-well 
plates,  each  well  containing  5000  cells  in  lOOjxL  of  DMEM 
with  supplements.  Different  concentrations  of  protein  and 
NCs  were  added  into  each  well  and  the  plates.  After  incuba¬ 
tion  of  48  h  at  37  °C,  the  wells  were  washed  with  PBS  solution 
twice  and  1 00  |jlL  of  fresh  cell  culture  media  with  supple¬ 
ments  was  added.  Then  20jxL  MTS  solution  (CellTiter  96® 
AQueous  One  Solution  Cell  Proliferation  Assay)  was  added 
into  each  well  and  the  plates  were  incubated  for  3  h  at  37  °C. 
The  absorbance  of  each  well  was  read  at  490  nm  using  a 
microplate  reader  (PowerWaveX,  Bio-tek  Instruments,  USA). 
Apoptosis  was  detected  using  APO-BrdU  Terminal  Deoxynu- 
cleotidyl  Transferase  dUTP  Nick  End  Labeling  (TUNEL)  assay 
kit.  MDA-MB-231  and  HFF  cells  were  seeded  at  a  density 
of  100,000  cells/well  into  a  6-well  plate  in  2mL  of  cell 
culture  media  with  supplements.  Proteins  and  NCs  were 
added  after  cells  covered  80%  of  bottom  surface.  After  24  h 
of  incubation,  cells  were  fixed  with  1%  paraformaldehyde 
in  PBS,  followed  by  the  addition  of  DNA  labeling  solu¬ 
tion  containing  terminal  deoxynucleotidyl  transferase  and 
bromodeoxyuridine  (BrdUrd).  Cells  were  then  stained  with 
Alexa  Fluor®  488  dye-labeled  anti-BrdUrd  antibody.  Sam¬ 
ples  were  deposited  onto  slides,  which  were  later  stained 
with  propidium  iodide  (PI)  solution  containing  RNase  A. 
Images  were  obtained  by  fluorescent  microscope  (Zeiss, 
Observer  Z1)  using  appropriate  filters  for  Alexa  Fluor  488 
and  PI. 

In  vivo  studies  with  MCF-7  xenograft  model 

All  mice  were  housed  in  an  animal  facility  at  the  Uni¬ 
versity  of  Southern  California  in  accordance  with  institute 
regulations.  Female  athymic  nude  ( nu/nu )  mice  were  sub¬ 
cutaneously  grafted  on  the  back  flank  with  5  x  106  MCF-7 
tumor  cells.  Afterwards,  tumor  size  was  monitored  by  a 
fine  caliper  and  the  tumor  volume  was  calculated  as  the 
product  of  the  two  largest  perpendicular  diameters  and  the 
vertical  thickness  (LxWxD,  mm3).  When  the  tumor  vol¬ 
ume  reached  100-200  mm3,  mice  were  randomly  separated 
into  different  groups.  From  day  0,  mice  were  treated  with 
intratumoral  injection  of  native  MBP-APO  or  S-S  APO  NC 
(200  |xg  per  mouse)  every  other  day.  PBS  and  S-S  BSA  NC 
were  included  as  the  negative  controls.  When  the  tumor 
volume  exceeded  2500  mm3,  the  mice  were  euthanized  by 
C02  according  animal  protocol.  The  average  of  tumor  vol¬ 
umes  was  plotted  as  the  tumor  growth  curve  in  respective 
treated  groups.  For  histology  study,  treated  tumor  sam¬ 
ples  were  collected  and  fixed  in  4%  paraformaldehyde,  and 
processed  for  staining  using  the  In  Situ  Cell  Death  Detection 
Kit.  The  stained  tumor  slides  were  observed  under  micro¬ 
scope,  and  representative  pictures  were  taken  for  analysis. 
Paraformaldehyde-postfixed  frozen  tumor  sections  (5-|jim 
thick)  were  permeabilized  with  0. 1  %  triton  X- 1 00  and  stained 
with  TUNEL  assay  kit  (In  Situ  Cell  Death  Detection  Kit,  POD; 
Roche  Applied  Science,  Indianapolis,  IN)  in  accordance  with 
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the  manufacturer’s  instructions.  DAPI  was  used  for  nuclear 
counterstaining. 

Results  and  discussion 

Synthesis  and  characterization  of  apoptin 
nanocapsules 

MBP-APO  (p/  =  6.5)  was  first  purified  from  E.  coli  extract 
using  an  amylose-affinity  column  (Supplement  2  and 
Supplement  8).  Dynamic  light  scattering  (DLS)  measure¬ 
ment  revealed  an  average  hydrodynamic  radius  of  36.1  nm 
(Supplement  3),  consistent  with  the  reported  size  for  the 
recombinant  MBP-APO  complex  [14].  Transmission  electron 
microscopy  (TEM)  analysis  of  MBP-APO  showed  similarly 
sized  protein  complexes  (Fig.  1c  and  enlarged  in  Fig  Id). 
Interestingly,  MBP-APO  complexes  appear  to  adopt  a  disk¬ 
shaped  structure  despite  the  lack  of  defined  secondary 
structure  from  the  apoptin  component.  Since  the  apoptin 
portion  of  the  protein  can  self-assemble  into  the  co¬ 
rner  complex,  we  propose  a  three  dimensional  arrangement 
of  MBP-APO  in  which  the  C-terminal  apoptin  forms  the 
central  spoke  of  the  wheel-like  structure  (Fig.  la),  with 
the  larger  MBP  portion  distributes  around  the  apoptin. 
The  planar  arrangement  allows  the  apoptin  portion  of 
the  fusion  protein  to  remain  accessible  to  its  protein 
partners,  which  may  explain  how  the  MBP-APO  fusion 
retains  essentially  all  of  the  observed  functions  of  native 
apoptin. 

The  reversible  encapsulation  strategy  for  producing 
apoptin  NCs  is  shown  in  Fig.  la.  Following  electrostatic 
deposition  of  the  monomers  acrylamide  (1  in  Fig.  la) 
and  N-(3-aminopropyl)methacrylamide  (2),  and  the  cross¬ 
linker  N,N/-bis(acryloyl)cystamine  (3),  at  a  molar  ratio  of 
1 .5:1:0.14,  onto  MBP-APO  (1  mg)  in  carbonate  buffer  (5  mM, 
pH  9.0),  in  situ  polymerization  was  initiated  with  the 
addition  of  free  radical  initiators  and  proceeded  for  1  h. 
The  molar  ratio  and  the  time  of  reaction  reported  were 
optimized  to  minimize  protein  aggregation  and  precipita¬ 
tion,  as  well  as  to  maximize  the  solution  stability  of  the 
resulting  NCs  (designated  below  as  S-S  APO  NC).  Excess 
monomers  and  cross- linkers  were  removed  using  ultrafiltra¬ 
tion  and  S-S  APO  NC  was  stored  in  PBS  buffer  (pH  7.4). 
DLS  clearly  showed  increase  in  average  diameter  of  the 
sample  to  ~75nm  (Supplement  3)  with  a  slightly  positive 
^-potential  value  of  2.8 mV  (Supplement  1).  TEM  analy¬ 
sis  of  the  S— S  APO  NC  confirmed  the  nearly  doubling  in 
diameter  of  the  spherical  particle  (Fig.  1e).  Unexpect¬ 
edly,  the  NCs  displayed  dark  contrast  upon  uranyl  acetate 
staining,  which  hints  that  the  cores  of  the  particles  were 
very  densely  packed.  As  expected  from  the  incorpora¬ 
tion  of  redox- responsive  cross-linker  3,  the  reduction  of 
NCs  size  can  be  seen  upon  treatment  of  the  reducing 
agent  glutathione  (GSH)  (2mM,  6h,  37 °C).  As  shown  in 
Fig.  If,  the  densely  packed  NCs  were  completely  dissoci¬ 
ated  into  ~30  nm  particles,  confirming  the  reversible  nature 
of  the  encapsulation  process.  As  a  control,  we  also  syn¬ 
thesized  nondegradable  MBP-APO  NCs  (ND  APO  NC)  using 
N,N'-methylene  bisacrylamide  as  the  cross-linker  with  same 
monomer  and  protein  concentrations  under  identical  reac¬ 
tion  conditions.  Whereas  similarly  sized  NCs  were  formed,  no 


degradation  of  ND  APO  NC  can  be  observed  in  the  presence 
of  GSH. 


Cellular  uptake  and  localization  of  nanocapsules 

We  next  examined  the  cellular  uptake  of  the  S-S  APO  NC  and 
cellular  localization  of  the  cargo.  If  the  unique  tumor  selec¬ 
tivity  of  MBP-APO  is  maintained  following  the  encapsulation 
and  release  processes,  we  expect  the  delivered  MBP-APO 
to  either  accumulate  in  the  nuclei  of  the  tumor  cells,  or  to 
localize  in  the  cytoplasm  of  noncancerous  cells.  Prior  to  the 
polymerization  process,  the  MBP-APO  protein  was  conju¬ 
gated  to  amine-reactive  rhodamine  (Rho-APO)  as  described 
in  section  'Protein  nanocapsule  preparation’.  Subsequent 
encapsulation  yielded  similarly  sized  NCs  as  unlabeled  S-S 
APO  NCs.  Fluorescent  microscopy  showed  all  NCs  readily 
penetrated  the  cell  membrane  and  are  present  in  the  cyto¬ 
plasm  of  MDA-MB-231  cells  within  1  h  (Supplement  4).  When 
the  relative  amounts  of  positively  charged  monomer  2  were 
reduced  in  the  NC  shell,  corresponding  decreases  in  £- 
potentials  of  the  NCs  were  measured  by  DLS,  which  led  to 
decreases  in  cellular  internalization  (Supplement  5).  The 
cellular  trafficking  of  the  internalized  S-S  Rho-APO  NCs  in 
HeLa  cells  was  investigated  for  2  h  by  monitoring  colocaliza¬ 
tion  using  fluorescent  markers  for  early  and  late  endosomes 
(Fig.  2a  and  Supplement  6).  Colocalization  of  Rho-APO  with 
early  endosomes  was  detected  at  the  highest  levels  after 
30  min  and  decreased  at  later  time  points.  In  contrast, 
colocalization  of  Rho-APO  with  late  endosome  remained 
low  throughout  the  trafficking  studies.  Colocalization  of 
Rho-APO  with  nuclei  became  evident  after  2h,  indicating 
endosomal  escape  and  nuclear  entry  of  the  released  apoptin 
protein.  These  results  suggested  that  S-S  Rho-APO  NCs 
were  trafficked  into  early  endosomes  upon  internalization 
and  at  least  a  significant  portion  of  the  internalized  NCs  and 
the  cargo  can  escape  from  the  endosomal  compartment. 

To  analyze  protein  localization  using  confocal 
microscopy,  two  cancer  cell  lines  HeLa  and  MCF-7, 
together  with  the  noncancerous  human  foreskin  fibroblast 
(HFF),  were  treated  with  either  S— S  Rho-APO  NC  or  ND 
Rho-APO  NC  (Fig.  2b).  In  the  case  of  ND  Rho-APO  NCs,  red 
fluorescence  signals  remained  in  the  cytoplasm  for  all  three 
cell  lines,  indicating  the  encapsulated  Rho-APO  proteins 
were  well-shielded  by  the  nondegradable  polymer  shell 
and  the  internal  nuclear  localization  sequences  were  not 
accessible  to  the  transport  machinery.  In  stark  contrast, 
when  HeLa  cells  were  treated  with  S-S  Rho-APO  NC,  strong 
red  fluorescence  of  rhodamine  was  present  in  the  nuclei, 
resulting  in  intense  pink  color  as  a  result  of  overlapping 
of  rhodamine  and  DAPI  fluorescence.  Z-stacking  analysis 
confirmed  the  Rho-APO  to  be  localized  inside  of  the  nuclei. 
Similar  results  were  observed  with  MCF-7  cells,  although  the 
fluorescence  intensity  was  not  as  strong  as  in  the  HeLa  cells. 
These  results  confirmed  that  the  Rho-APO  delivered  can 
indeed  be  released  in  native  forms  inside  the  cytoplasm  and 
enter  the  nuclei.  More  importantly,  the  tumor-specificity  of 
delivered  apoptin  proteins  toward  cancer  cell  lines  were 
demonstrated  in  the  confocal  analysis  of  noncancerous  HFF 
cells  treated  with  S-S  Rho-APO  NC,  as  all  of  the  dye  signals 
remained  in  the  cytoplasm  and  no  nuclear  accumulation 
was  observed. 
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Figure  2  Protein  nanocapsule  cellular  trafficking  and  localization,  (a)  The  trafficking  of  Rho-APO  in  S— S  NCs  through  endosomes. 
HeLa  cells  were  incubated  with  20  nM  S— S  Rho-APO  NCs  (red)  at  37  °C  for  various  time  periods,  30,  60  and  120  min.  Early  endosomes 
were  detected  by  early  endosome  antigen  1  (EEA1,  green).  Late  endosomes  were  detected  by  cation-independent  mannose-6- 
phosphate  receptor  (CI-MPR,  blue).  Nuclei  were  stained  with  DAPI  and  shown  as  purple.  The  scale  bar  represents  10|mm.  The 
percentage  of  fluorescence  colocalization  was  quantified  by  calculating  colocalization  coefficients  using  Manders’  overlap  coefficient 
(>10  samples)  and  shown  in  each  figure;  (b)  confocal  microscopy  of  cellular  localization  of  Rho-APO  encapsulated  in  S— S  NC  and 
ND  NC  to  cancer  cell  lines  HeLa  and  MCF-7,  and  noncancerous  HFF.  Nuclei  were  stained  with  DAPI  (blue).  The  scale  bar  is  20|jim. 


Tumor-selective  cytotoxicity  of  apoptin 
nanocapsules 

We  then  investigated  whether  the  MBP— APO  protein  deliv¬ 
ered  still  possesses  its  function  to  induce  tumor-selective 
apoptosis.  The  potency  and  selectivity  of  S— S  APO  NC  were 
tested  on  various  cell  lines  including  HeLa,  MCF-7,  MDA-MB- 
231,  and  HFF  (Fig.  3a-d).  MTS  assay  was  used  to  measure 
cell  viability  48  h  after  addition  of  the  protein  and  NC.  For 
each  cell  line,  ND  APO  NC  and  native  MBP— APO  were  used 
as  negative  controls.  When  S— S  APO  NC  was  added  to  a  final 
concentration  of  200  nM,  all  three  cancer  cell  lines  had  no 
viable  cells,  whereas  ~75%  of  the  HFF  had  survived.  The 
IC50  values  were  80  and  30  nM  for  HeLa  and  MDA-MB-231, 


respectively.  The  IC50  for  MCF-7  was  higher  at  ~110nM, 
which  may  be  due  to  the  deficiency  in  the  terminal  execu¬ 
tioner  caspase  3  and  reliance  on  other  effector  caspases  for 
apoptosis  [29,30].  As  expected,  native  MBP-APO  and  ND 
APO  NC  did  not  significantly  decrease  the  viability  of  any  cell 
lines  tested,  consistent  with  the  inability  to  enter  cells  and 
release  MBP-APO  in  cytoplasm,  respectively.  The  IC50  values 
of  S-S  APO  NC  toward  MDA-MB-231  increased  as  the  surface 
charge  of  the  NC  became  more  neutral  (Supplement  5),  sug¬ 
gesting  more  efficient  internalization  can  improve  S— S  NCs 
cytotoxicity.  The  morphologies  of  MDA-MB-231  and  HFF  cells 
were  examined  under  various  treatments.  Only  the  S-S  APO 
NC  treated  MDA-MB-231  cells  exhibited  blebbing  and  shrink¬ 
age,  which  are  hallmarks  of  apoptotic  cell  death  (Fig.  3e 
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Figure  3  Cytotoxicity  and  apoptosis  observed  following  nanocapsule  delivery,  (a)  HeLa;  (b)  MCF-7;  (c)  MDA-MB-231;  or  (d)  HFF 
cells  with  treatment  of  different  concentrations  of  S— S  APO  NC,  ND  APO  NC,  and  native  MBP-APO.  (e)  Apoptosis  induced  by  S— S 
APO  NC  determined  by  TUNEL  assay.  Images  on  the  left  are  bright  field  microscopy  images  of  MDA-MB-231  and  HFF  cells  treated 
for  24  h  with  200  nM  S— S  APO  NC.  The  scale  bar  represents  50|jim.  Images  right  of  the  dash  line  shows  detection  of  apoptotic 
fragmentation  of  the  nucleosome  after  same  treatment  using  APO-BrdU™  TUNEL  assay  kit.  The  scale  bar  represents  50|jim.  Red 
fluorescence  represents  the  propidium-iodide  (Pl)-stained  total  DNA,  and  green  fluorescence  represents  the  Alexa  Fluor  488-stained 
nick  end  label,  the  indicator  of  apoptotic  DNA  fragmentation.  The  merged  pictures  combine  the  Pl-stained  nuclei  and  the  Alexa 
Fluor  488-stained  nick  end  label.  (Note  the  bright  field  images  do  not  overlap  with  the  fluorescent  microscopy  images;  cells  were 
detached  and  collected  for  TUNEL  assay  after  treatment.) 

and  Supplement  7).  Using  TUNEL  assay,  S-S  APO  NC  treated 
MDA-MB-231  also  showed  nuclear  fragmentation  associated 
with  apoptosis,  whereas  cells  treated  with  native  MBP-APO 
and  ND  APO  NC  at  the  same  concentration  (Supplement  7), 
as  well  as  HFF  treated  with  200  nM  S— S  APO  NC  (Fig.  3e), 
had  no  sign  of  apoptosis.  Collectively,  these  results  demon¬ 
strated  that  the  recombinant  MBP-APO  delivered  by  the 
degradable  NCs  retains  the  potency  and  selectivity  as 
the  transgenically  expressed  apoptin  in  previous  studies 
[9]. 


In  vivo  evaluation  of  apoptin  nanocapsules 

We  further  examined  the  potency  of  S— S  APO  NC  in  a  mouse 
xenograft  model.  Female  athymic  nude  (nu/nu)  mice  were 
subcutaneously  grafted  on  the  back  flank  with  5  x  106  MCF- 
7  breast  cancer  cells.  When  the  tumor  volume  reached 
100-200  mm3  (day  0),  mice  were  randomly  separated  into 
different  groups  and  treated  with  intratumoral  injection 
of  PBS,  MBP-APO,  S-S  APO  NC.  In  addition,  S-S  NC  with 
bovine  serum  albumin  (S-S  BSA  NC)  was  added  as  a  nonlethal 
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Figure  4  Treatment  of  apoptin  nanocapsules  resulted  in  tumor  growth  retardation,  (a)  Significant  tumor  inhibition  was  observed 
in  the  mice  treated  by  S— S  APO  NC.  Female  athymic  nude  mice  were  subcutaneously  grafted  with  MCF-7  cells  and  treated  with 
intratumoral  injection  of  MBP-APO  (n  =  4)  or  S— S  APO  NC  (n  =  4)  (200  |xg/ mouse)  every  other  day.  PBS  (n  =  3)  and  S— S  BSA  NC 
(n  =  4)  were  included  as  negative  controls.  The  average  tumor  volumes  were  plotted  vs.  time.  Asterisks  indicate  injection  days, 
(b)  Detection  of  apoptosis  in  tumor  tissues  after  treatment  with  different  NCs.  Cross-sections  of  MCF-7  tumors  were  stained  with 
fluorescein-dUTP  (green)  for  apoptosis  and  DAPI  for  nucleus  (blue).  The  scale  bars  represent  50|jim. 


protein  cargo  control  to  test  the  effects  of  the  S— S  NC  poly¬ 
mer  component  on  tumor  cells  in  vivo.  Tumors  treated  with 
saline,  S-S  BSA  NC  or  native  MBP-APO  expanded  rapidly  and 
reached  the  maximum  limit  (>2500 mm3)  within  12  days. 
In  sharp  contrast,  tumor  growth  was  significantly  delayed 
when  treated  with  S— S  APO  NC  (Fig.  4a).  Fixed  tumor  tis¬ 
sues  collected  from  each  treatment  group  were  examined 
for  DNA  fragmentation  using  in  situ  TUNEL  assay.  The  images 
revealed  the  highest  level  of  cell  apoptosis  for  the  tumor 
harvested  from  mice  treated  with  S— S  APO  NC,  correlating 
well  with  the  significantly  delayed  tumor  growth  observed 
for  this  treatment  group  and  confirming  that  tumor  growth 
inhibition  was  indeed  due  to  apoptin-mediated  apoptosis 


(Fig.  4b).  Collectively,  the  xenograft  study  verified  that  the 
degradable  NCs  effectively  delivered  MBP-APO  proteins  to 
tumor  cells  in  vivo,  which  was  highly  effective  in  limiting 
tumor  progression.  Upon  further  optimization  of  the  phar¬ 
macokinetics  of  the  S-S  APO  NC,  including  surface  derivati- 
zation  with  active  targeting  ligands,  these  particles  may  be 
intravenously  administered  as  an  anticancer  therapy  [31]. 

Conclusions 

We  were  able  to  deliver  the  high  molecular  weight  complex 
of  the  tumor-selective  MBP-APO  using  a  redox- responsive 
polymeric  NC  in  vitro  and  in  vivo.  The  choice  and  design 
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of  the  sub-1 00  nm  NC  is  well-suited  for  diverse  protein  tar¬ 
gets  because  of  its  mild  preparation  conditions,  reversible 
encapsulation,  efficient  membrane  penetration,  and  cyto¬ 
plasmic  release  of  the  protein  cargo.  Our  application  here 
further  illustrates  how  intracellular  protein  delivery  using 
nanoscale  system  can  provide  new  possibilities  for  achieving 
selective  anticancer  therapy. 
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